The chemical transformation of the trihydrate hafnium tetrafluoride crystal has been studied with varying temperature using the time-differential perturbed angular correlation technique. The 133 -482 keV γ-γ cascade of 181 Ta after the β − -decay of 181 Hf has been selected and a four detector BaF 2 -BaF 2 coincidence set up has been used for measurements. The crystal was produced by evaporating a solution of HfF 6 2− complex in HF at room temperature. Contrary to the earlier report, it has been found that the trihydrate hafnium tetrafluoride compound dehydrates directly to HfF 4 without producing any intermediate monohydrate and present results do not support the earlier idea that two water molecules of HfF 4 ·3H 2 O are loosely bound. Present investigations exhibit a superheated state for the hafnium tetrafluoride crystal. In dehydrated HfF 4 , two different Hf sites have been observed which suggests two different structures for the anhydrous HfF 4 .
Introduction
The dehydration process of crystallized trihydrate hafnium tetrafluoride is not fully understood. In fact, from earlier studies, the chemical transformation of HfF 4 ·3H 2 O gave contradictory results. From chemical analysis study, Rickard and Water [1] showed that this compound was transformed to monohydrate hafnium fluoride (HfF 4 ·H 2 O) on heating at 373 K in vacuum and monohydrate oxifluoride (Hf 2 OF 6 ·H 2 O) at 373 K in air. Gaudreau [2] observed that HfF 4 ·3H 2 O dehydrates to HfF 4 ·H 2 O at 353 K in air. On the other hand, Martínez et al. [3, 4] , from time-differential perturbed angular correlation (TDPAC) measurements showed that final dehydrated product of HfF 4 ·3H 2 O was HfF 4 and it was produced at the still lower temperature of 330 K. These authors [3, 4] found that in the transformation from HfF 4 ·3H 2 O to HfF 4 , monohydrate HfF 4 ·H 2 O was formed as an intermediate product. They studied the reverse process of hydration also and found that HfF 4 transforms back to HfF 4 ·3H 2 O through the intermediate monohydrate and from this reverse reaction Martínez et al. [3] determined the rate constant for the hydration process. Beside this, earlier studies show discrepancies regarding the dehydration temperature of HfF 4 ·3H 2 O. For this compound, the same group [3, 4] reported two different dehydra-0932-0784 / 09 / 1100-0739 $ 06.00 c 2009 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com tion temperature of 330 K [3] and 393 K [4] . With an aim to resolve the above discrepancies, the trihydrate hafnium tetrafluoride has been studied by TDPAC with varying temperature in the range of 298 K to 363 K after crystallizing it at room temperature. Interestingly, in the present study it has been found that dehydra [3] is not supported from present measurements. It has been found also that this trihydrate compound can remain stable in the super heated state at 343 and 353 K although its dehydration temperature has been found to be 343 K.
Principle of the TDPAC Technique
The time-differential pertubed angular correlation (TDPAC) technique is based on substituting a small or trace amount of radioactive isotope into a well-defined chemical environment in a crystal [5] . The nuclear electromagnetic moments (electric quadrupole or magnetic dipole) of the probe isotope interact with the electric field gradient or the magnetic field produced at the nuclear site by the surrounding environment. Due to the interaction of the surrounding electric field gradient generated at the nuclear site with the nuclear quadrupole moment, the γ-γ angular correlation is perturbed.
The perturbation function G k (t) for k = 2 can be written as [6] 
In case of 181 Hf, a consideration of k = 2 only is quite reasonable because of the much smaller value of A 4 compared to A 2 (A 2 = −0.288, A 4 = −0.076 [6] ) for the 133 -482 keV cascade. A value of G 2 (t) = 1 corresponds to no perturbation. The above expression for G 2 (t) is valid for a polycrystalline sample with I = 5/2 for the intermediate state. The frequencies ω i correspond to transitions between the sublevels of the intermediate state which arise due to quadrupole interaction. Details about the TDPAC technique have been reviewed by Schatz and Weidinger [6] . In the analysis of experimental data, the source inhomogeneities arising from lattice imperfections or chemical effects have been taken into account through the first exponent in (1) . Finite time resolution (τ R ) of the coincidence system has also been considered through the second exponent in (1) .
If more than one interaction frequencies are present in the sample due to the existence of either various inequivalent sites within the same compound or a mixture of different compounds, the perturbation function can be written as
where f i is the fraction of the i-th component. A fitting to expression (1) determine the maximum component V zz of the electric field gradient through the relation
ω Q is the quadrupole frequency and Q is the nuclear quadrupole moment. For an axially symmetric electric field gradient (η = 0) this is related to ω 1 , ω 2 , and ω 3 as ω Q = ω 1 /6 = ω 2 /12 = ω 3 /18. For η = 0, this simple relation of ω 1 : ω 2 : ω 3 = 1 : 2 : 3 does not hold and a more complex relation between ω Q and ω 1 arises [3] . However, in this case also the sum rule ω 3 = ω 1 + ω 2 holds. The asymmetry parameter is defined as the ratio η = (V xx − V yy )/V zz and its value lies between 0 and 1.
Experimental
The trihydrate hafnium tetrafluoride was prepared from hafnium metal by dissolving in concentrated hydrofluoric acid and drying at room temperature. For this, a small piece of hafnium metal (Zr impurity nominally 3%) procured from M/S Alfa Aesar was activated in the reactor at Mumbai, India, through the capture of thermal neutron to produce the radioisotope 181 Hf. The active hafnium metal was then dissolved in concentrated hydrofluoric acid (HF) and allowed to dry at room temperature for 2 -3 days. It is known that in HF, hafnium metal forms an octahedral complex of HfF 6 2− in the solution. After the solution is dried completely it is used for TDPAC measurements. It has been observed that when hafnium metal is dissolved in concentrated HF and dried at an elevated temperature (≥ 35
For TDPAC measurements, a four detector TDPAC spectrometer with BaF 2 detectors of crystal sizes 50.8 × 50.8 mm 2 has been used. The time resolution of the experimental set up was ∼ 1 ns for the selected γ-rays of 181 Ta. Details about the experimental set up and data analysis have been described earlier [7] . For temperature variation of the sample, it was put in contact with a close cycle circulating liquid. The temperature of the liquid was varied precisely with a controlled cooling unit of M/S Julabo, Germany, with a temperature accuracy of better than 1 • C.
The experimental set up has been tested with the liquid sample of Hf metal in HF. This gives a flat perturbation as reported earlier [8] . Due to cubic symmetry of the octahedral complex HfF 6 2− it produces no electric field gradient at the nuclear site resulting an unperturbed angular correlation in HF.
Results and Discussion
The TDPAC spectrum in the crystallized sample taken at room temperature is shown in Figure 1 . An analysis of the spectrum shows that it has actually (2) 0.74 (4) 8(2) 23 (1) 157(2) 0.71 (3) 4(1) 17 (1) 118(2) 0.37 (3) 0 8(1) 343* 201.5(3) 0.378(4) 0 23 (1) 103(2) 0.82 (4) 7(2) 13 (1) 155(4) 0.79 (5) 7(3) 13 (1) 115(2) 0.36(3) 10.4 (7) (Table 1) at any temperature from 298 to 363 K. The composition of the sample was found to be unchanged up to 353 K.
The measurement was then repeated at 343 K. Interestingly, the TDPAC spectra before and after the measurement at 353 K are found to be different (Fig. 1) . The spectrum at 343 K, after the measurement at 353 K, shows dehydration of HfF 4 ·3H 2 O whereas at 353 K it showed no dehydration. In the second run at 343 K, the dehydrated component (Site I of HfF 4 ) increases from 8% to 51%. This indicates that the dehydration temperature of the sample is 343 K. In the first measurement at 343 K and subsequently at 353 K it was in the super heated state. Possibly, due to the presence of superheated crystalline state of the trihydrate tetrafluoride, it showed different dehydration temperature in the earlier measurements [3, 4] . Probably, we could get the unchanged HfF 4 ·3H 2 O compound at a temperature higher than 353 K when its temperature was not reduced to 343 K and it is difficult to assign a definite dehydration temperature for this type of hydrated compound.
When The second most intense (25%) and the weakest component (8%) of the sample can be understood from our TDPAC measurements at different temperatures from 323 to 363 K at 10 K intervals. From the Fourier spectra ( Fig. 1) it is difficult to identify the weak components in the background of the strong component due to HfF 4 ·3H 2 O. A best fitting (minimum χ 2 ), however, has been obtained by considering four interaction frequencies. The second strong component has been shown in Figure 2 after subtracting the strongest component and two other weak components. The three Fourier peaks corresponding to this component can be identified in the subtracted spectrum.
It has been found that up to 353 K, the spectra do not change much (Fig. 1) . The site fractions for different components remain also almost the same (Fig. 3) . These indicate that the sample does not dehydrate or transform on heating up to a temperature of 353 K. At 363 K, however, a change in the spectrum is clearly observed. The TDPAC spectrum obtained at 363 K
A(ω) Fig. 2 . The figure shows the second strong component due to HfF 4 (Site II) after subtracting the strongest component and two other weak components corresponding to the measurement at 323 K. is shown in Figure 1 . An analysis of the spectrum shows that it can be better fitted by considering two frequency components rather than a single component.
The corresponding values of ω Q , η, and their population fractions are given in showed an excellent agreement with the point charge model calculation for the HfF 4 crystalline lattice [4] , where only the eight nearest fluorine ions to the Hf ion were taken into account. The crystal structure of this compound can be found in [10] . Although the value of ω Q for the weaker component (Site II) has been found to be not much different from that of the stronger component (Table 1) , a higher value of the asymmetry parameter (η = 0.82) and a lower value of δ (∼ 0) has been obtained for the weaker component. This suggests that for the two sites of Hf, the V zz and, therefore, the charge distributions are similar, but the fluorine ions have different orientations with respect to the Hf ion producing a different value of η. The Site II in the anhydrous HfF 4 has been found to be only ∼ 7%. The major fractions occupy Site I.
At room temperature and below 363 K, the two components that appear along with the components of HfF 4 ·3H 2 O and Hf 2 OF 6 ·H 2 O can also be assigned as two sites of anhydrous HfF 4 . But, before any chemical transformation of the sample occurs, the two site fractions are opposite to when it is transformed. Before transformation, Site I in HfF 4 occupies only 20 -25% whereas Site II occupies 75 -80% of the total HfF 4 sites. Also, for Site I, in contrast to large width of frequency distribution (δ ∼ 14%) in the anhydrous HfF 4 , it shows a very good crystalline nature (δ = 0) in the hydrated sample.
Conclusions
From present TDPAC measurements at different temperatures, dehydration of trihydrate hafnium tetrafluoride to anhydrous tetrafluoride has been observed The present investigation shows that this com-pound dehydrates directly to anhydrous tetrafluoride without producing any monohydrate tetrafluoride as an intermediate product. This is in disagreement with the earlier results which reported that i) the trihydrate hafnium tetrafluoride dehydrates through the intermediate monohydrate and ii) the two water molecules of the trihydrate are weakly bound. However, the present results support the idea of Martínez et al. [3] Site I which is the strongest in anhydrous HfF 4 was also found in earlier measurements (Table 1) but Site II (∼ 7%) with higher value of asymmetry parameter has been observed in the present study only. Both the Site I and II appears in the hydrated sample also. The Site II has been found to be stronger before the sample was dehydrated. During chemical transformation of the sample at 363 K, the site populations have been reversed. However, the presence of two Hf sites in HfF 4 has been confirmed from measurements in both hydrated and dehydrated sample.
At the end, we can conclude with the remark that time-differential perturbed angular correlation has proven here to be a useful nuclear technique for microscopic analysis of chemical sample.
